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Abstract 
This paper is devoted to the memory of the outstanding Japanese scientist. In 1896, Fusakichi Omori 
discovered the law of the aftershocks evolution that bears his name. We represent the Omori law in 
the form of a differential equation. This allows us to take into account the non-stationarity of rocks 
in the earthquake source, which "cools down" after the main shock. 
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1. Introduction 
The outstanding Japanese seismologist Fusakichi Omori was born 150 years ago, October 
30, 1868 [Davison, 1927]. He deserves credit for the discovery of the first law of earthquake 
physics. The Omori law states that after strong earthquake, the frequency of aftershocks n, i.e., the 
repeated shocks that follow the main shock, decay with time t, on average, according to the 
hyperbolic law 
/ ( )n k c t  .      (1)  
Here 0k  , 0c  , and 0t   [Omori, 1894]. 
 It was really the first law in the field of earthquake physics, if we talk about the 
chronological sequence of outstanding discoveries in seismology. As the second law, the 
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Gutenberg-Richter law describing the distribution of earthquakes over magnitudes must be 
mentioned [Gutenberg, Richter, 1944]. A brief description of five laws of seismology can be found 
in [Costa et al., 2016]. We will not dwell on this in order to not be diverted from our topic. 
 
Fig. 1. Time dependence of the number of aftershocks, 24.11.1984, California.  
 It is appropriate here to bring up a typical example of aftershock evolution. Figure 1 shows 
an aftershock sequence after the main shock with the magnitude М = 6.6 that took place on 
24.11.1984 at 13 h 15 min 56 s universal time. The main shock epicenter was located in Southern 
California. The hypocenter was at a depth of 10 km, and 3663 aftershocks occurred in the zone 0.5о 
in radius during the 90 days after the main shock. We see that on average the frequency of 
aftershocks decay hyperbolically with time.  
Professor Omori has lived the active life, full of creative searches. He traveled a lot, gained 
international fame, and was the president of the Japanese Imperial Earthquake Investigation 
Committee. The circumstances of his death were tragic [Davison, 1924]. Great Kanto earthquake 
occurred on Saturday, September 1, 1923. Yokohama and Tokyo were destroyed. Many people died. 
At this time, Fusakichi Omori was in Australia. Upon learning of the disaster, he left for home 
immediately. During the voyage he fell seriously ill and died on November 8, 1923 at the age of 55 
years, shortly after his return to Tokyo.  
Our paper is devoted to the memory of the outstanding scientist. In the next section we 
represent the Omori law in the form of a differential equation. This allows us to take into account 
the non-stationarity of rocks in the earthquake source, which "cools down" after the main shock. 
 
2. Aftershocks equation 
 Let us represent the Omori law (1) in the form of a differential equation  
2/ 0dn dt n  ,     (2) 
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in which 1k  . We will call it the equation of the evolution of aftershocks, and   the 
deactivation coefficient of the earthquake focus [Guglielmi, 2016]. At first glance, Eq. (2) is just one 
more representation of the hyperbolic Omori law (1), but only at first glance. We must take into 
account that in modeling natural phenomena, it is easier in many cases to work with the evolution 
equation than with the set of its solutions. In our case, the representation of formula (1) in the form 
of equation (2) opens an interesting possibility to take into account the non-stationarity of rocks in 
the earthquake source at the phenomenological level. To do this, it suffices to take into account the 
time dependence of   in Eq. (2). Then the evolution equation will have the form 
   
1
0 0
0
1
t
n t n n t dt

 
   
 
 .                         (3) 
Here 0n  is the frequency of aftershocks at the moment 0t  . The distinction between (3) and (1) 
consists only in the fact that the time is replaced by the integral of deactivation coefficient over time. 
If and only if const  , then (3) coincides with (1), with 1/k  , and 01/c n  . 
 It is interesting to compare our interpretation Omori law with the two-parameter 
modification of the law used in the papers [Hirano, 1924; Utsu, 1961] and widely known in 
seismology: 
/ ( ) pn k c t  .    (4) 
The parameter p varies from case to case in a wide range, from about 0.5 to 1.5, with the mean 
noticeable larger than unity: p = 1.1 (see, for example, the review papers [Utsu et al., 1995; 
Guglielmi, 2017] and the literature cited therein). 
Let us assume for a moment that the Hirano-Utsu law (4) is satisfied. Then 
1 1( ) pk p c t    .             (5) 
We see that for p < 1 (p > 1), the deactivation coefficient monotonically decreases (increases) over 
time. In other words, the deviation of the parameter p from unity observed experimentally indicates 
the non-stationarity of the medium. When 1p  , the deactivation coefficient   varies over time as 
a result of relaxation processes occurring in the earthquake source. Figuratively speaking, the focus 
gradually "cools down" after the main shock.  
To verify the relationship (5) we made a pilot analysis of the ten series of aftershocks. The 
deactivation factor was calculated by the formula 
1 ln /n d n dt   . In none of the ten series the 
relation (5) was confirmed. (A detailed report will be submitted in a separate paper.) Moreover, in 
some cases, there was a non-monotonic dependence of   on time, which clearly demonstrates the 
impermanence of the parameter p within the same series of aftershocks. We recall in this connection 
that the variability of p within the series was also noted in the work [Hirano, 1924]. However, it is 
quite obvious that it is undesirable to approximate the real stream of aftershocks using formula (4), 
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in which the parameter p depends on time. In this sense, the formula (3) is more preferable than (4). 
We draw attention to the fact that in (3) the hyperbolicity of the law is preserved. However, unlike 
(1), in (3) it is taken into account that the time in the source, figuratively speaking, is flowing 
unevenly. 
3. Discussion 
We would like to discuss the question of how to use the aftershocks equation for setting the 
inverse problem of the physics of earthquake source. Let us consider a linear Volterra integral 
equation of the first kind 
0
( , ) ( ) ( )
t
K t t t dt g t    .      (6) 
Here ( )t  is an unknown function, and 1
0 0( ) [ ( )] [ ( )]g t n n t n n t
   is the known function. The 
inverse problem is to determine the deactivation coefficient ( )t  from the observation data of the 
frequency of aftershocks ( )n t . The choice of kernel ( , )K t t  should be the subject of further study 
of the problem. But even if we use the trivial kernel 1K  , then in this simplest case the inverse 
problem still has a physical sense. Indeed, if 1K  , then equation (6) follows directly from equation 
(2). In this case /dg dt  .  
 
Fig. 2. Results of analyzing the aftershocks shown in Fig. 1. Top panel: The function g(t) 
before and after smoothing (the gray and black lines respectively). Bottom panel: The time 
dependence of the deactivation coefficient  . 
We consider two examples of solving the inverse problem in this formulation. Let us take the 
event shown in Fig. (1). The experimental data on the dependence ( )g t  should be approximated by 
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a sufficiently smooth function before calculating the deactivation coefficient by the formula 
/dg dt  . The result is shown in Fig. 2 (bottom panel). We see that the quasi-stationarity of the 
process is presented on average for approximately 45 days after the main shock. Within this time 
interval (it seems natural to call it the Omori epoch), we have approximately 47.8 10   days-1 or 
1/ 1300k   days. Then   starts to decrease and decays to zero, whereas fluctuations in g  
grow rapidly (see the gray line in Fig. 2, top panel). 
 
Fig. 3. Time dependence of the number of aftershocks after two main shocks with 
magnitudes M = 6.1 and M = 7.3 that respectively occurred on 23.04.1992 and 28.06.1992, 
in California. 
We consider one more event shown in Fig. 3. It is of interest as an example of a doublet of 
main shocks. The first shock (M = 6.1) occurred on 23.04.1992 at 04 h 50 min 23 s (with the 
magnitude M = 6.1 and hypocenter depth 12 km), and the second one on 28.06.1992 at 11 h 57 min 
34 s (magnitude M = 7.3 and hypocenter depth is 1 km). The epicenters of the main shocks were 
approximately 30 km apart. The respective functions ( )g t  and ( )t  are shown in Fig. 4. 
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Fig. 4. Results of the analysis of the aftershocks shown in Fig. 3. Top panel: The function 
g(t) before and after smoothing (the respective gray and solid lines). Bottom panel: The 
dependence of the deactivation coefficient  on time. 
Thus, Eqn (2) and its solution (3) offer us the new possibility of analysis of the aftershocks 
data. There is an interesting perspective of introducing a new methodological technique: the 
classification of earthquake sources based on the shape of relaxation of aftershock sequences. For 
example, Figs 2 and 4 demonstrate two essentially different relaxation types. If we leave details 
aside, then in the first event we see a decreasing function ( )t , and in the second two, increasing 
functions ( )t . We assume that in the future the analysis of the function ( )t  will allow us to 
introduce a more detail classification of the earthquake sources. 
In conclusion of this section we will discuss briefly one more way of research begun by 
Fusakichi Omori over a hundred years ago. This way was found when we saw an analogy between 
variations in the state of rocks in the source and variations in the Earth's climate. Suppose there 
exists a quasi-equilibrium state ( )  , where ( )t  is a set of internal parameters of the source, 
which, generally speaking, depend on time. Then the relaxation theory of the deactivation of the 
source can be based on the equation 
                          
( )
( )
d
t
dt
   



  ,     (7) 
similar to that used to describe the average temperature of the earth's surface [Byalko, 2012]. Here 
  is the characteristic relaxation time. The function ( )t  models some influences on the source. 
Integrating (6), we obtain 
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( ) [ ( ) ( ( ))]exp( / ) exp( / )
t
t t t t dt t       
 
       
 
 .    (8) 
The choice of the perturbing function ( )t  requires special consideration. The internal 
disturbances (endogenous triggers) may be, for example, the round-the-world seismic echoes 
[Zavyalov et al., 2017; Zotov et al., 2018], and spheroidal oscillations of the Earth [Guglielmi et al., 
2014]. Electromagnetic fields of natural or artificial origin can serve as external disturbances 
(exogenous triggers) [Buchachenko, 2014]. In each particular case one can choose a pulse, periodic 
or stochastic function ( )t . Specific interest is the simulation of space weather factors affecting the 
seismic activity by using ( )t . 
We have indicated two promising directions for the study of aftershock physics. Another 
direction, which certainly deserves attention, is the study of the spatial-temporal distribution of 
aftershocks. Here, there are interesting opportunities for searches. 
 
4. Conclusion 
In memory of the outstanding scientist, we described briefly the law of Omori (1). Then we 
introduced an aftershocks equation (2), the solution of which is the Omori law. On this basis, we 
proposed original formula (3) that describes the evolution of aftershocks. This formula takes into 
account the non-stationarity of the earthquake source, which "cools down" after the main shock. The 
aftershocks equation allowed us to put the inverse problem of physics of the earthquake source. 
We express our deep gratitude to B.I. Klain, A.S. Potapov, and O.D. Zotov for numerous 
discussions of the problem. This work was partially supported by the Program 28 of the Presidium 
of RAS, RFBR project # 18-05-00096, Russian Governmental assignment programs # 
0144-2014-0097 and # 0144-2014-00103. 
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